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~ 10 mm mirror separation
[mirror curvature R=10 cm, not visible in
this figure, makes mirror separation 7.5 mm
at edges for 10 mm separation at center]
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2) Turn up driving strength
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u6fpR45836X	YVHZ\7 p3	fpX 5879spR47dcbu#VYR=Z\^d<y47  a4587 p3	VYR4y y479585879vbVHZ\7 p3Yz2y436v 36R4y479R4s fpR Z\143$vbVYX[Z\79u6a4^]VYX
vbVYX\VYe3!Z\36X85lfYhW79R=Z\36X8365[Z 
0if sp3!Z V	ho3636^2hofpX Z\143 ZS<Cv 3UfYhVHZ\fpe yF<CRbVYe79u65ff3#"Fv 36u!Z\36y*z23 36u!Z\7 p3Uv fYZ\36R=Z\7]VY^95ffVYR4y
143#VHZ\79R4s X\VHZ\365 g36X83 u#VY^9u6a4^]VHZ\36y"hofpX;: fYZ\1UZ\143V3"F7]VY^iVYR4yUZ\143 X\VYy47]VY^ffiy479X836u!Z\79fpR45;fYh efYZ\79fpR 
_bX879u!Z\79fpR u6fC3 u67936R=Z\5"e V#< VY^958f: 3 u#VY^9u6a4^]VHZ\36y*z(:4aFZ	g3 fpe7dZZ\1436e 79R Z\14795 y47958u6a4585879fpR
: 36u#VYa4583@Z\143679Xu6fpR=Z\X879:4aFZ\79fpRJZ\f$Z\143@efYZ\79fpR 795 ea4ux158e VY^9^936XtZ\1bVYR Z\1bVHZ fYh;efpe36R=Z\a4e


































































efpe36R=Z\a4e y47  a45879fpR$VHZV sp7 p36R$v fp587dZ\79fpR

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795iZ\1432VHZ\fpe79uNe VY585 W02143qZ\fYZxVY^Cefpe36R=Z\a4e/y47  a45879fpR Z\36R458fpX
?
1bVY5WZgfty4795[Z\79R4u!Z
u6fpR=Z\X879:4aFZ\79fpR45-VYR4y  q02143kcbX85[Zu6fpR=Z\X879:4aFZ\79fpR"VYX87958365;79R=Z\a47dZ\7 p36^d<hoX8fpe y436u#V#<C5VYR4yUX83#-
3#"Fu67dZxVHZ\79fpR45l1479ux1"5 l7dZ\ux1"Z\143t5[<C5[Z\36e5[Z\fCux1bVY5[Z\79u#VY^9^d<: 3!Zg3636RUZ\143Z\X\VYv4v479R4s v fYZ\36R=Z\7]VY^*fYh
Z\143k5[Z\X8fpR4s.- cb36^9y"58363 n79R4s 5[ZxVHZ\3 VYR4y Z\143  VHZ;v fYZ\36R=Z\7]VY^`fYhWZ\143kf p36X\VY^9^`spX8fpa4R4y"5[ZxVHZ\3 q0214795














































VYX87958365: 36u#VYa4583 g3VYX83 79R$Z\143 79R=Z\36X\VYu!Z\79fpR	v479u#-
Z\a4X83l7dZ\1UX83658v 36u!Z(Z\fffZ\143kv4X8fp: 3thoX836mna436R4u!< 65 

02143kfYZ\1436X;u6fpR=Z\X879:4aFZ\79fpR Z\fefpe36R=Z\a4e
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v4^9fYZ8Z\36y 79R	Z\143ff58fp^979y$Z\X\VYu6365tfYhq_W79spa4X83 / dp hofpXZ\143ffvbVYX\VYe3!Z\36X85tfYhNZ\143VHZ\fpe -Su#V C7dZS<Ue7 -
u6X8fp58u6fpv 3 ff02143 hofpX8u63ffVYR4y efpe36R=Z\a4e-y47  a45879fpR	u6fC3 u67936R=ZthofpXZ\143 u#V C7dZS<	5[<C5[Z\36e g36X83









VYv4v4X8fpv4X87]VHZ\3^93 p36^ VYR4y V@e VHZ\X87 "$u6fpR=Z\79Rna436y hoX\VYu!Z\79fpR VY^9spfpX87dZ\14e 795a45836y Z\f u#VY^9u6a4^]VHZ\3  




 R4e v 36X879fCy479u67dZS<ff79R41436X87dZ\36y hoX8fpe
Z\1435[ZxVYR4y479R4s.- qV p3cb36^9y	5[Z\X836R4sYZ\1  (:45836X	p3 Z\1bVHZ(Z\143ffV3"F7]VY^i143#VHZ\79R4sX\VHZ\3651bV p3 e79R479e V
VHZl: fYZ\1 cb36^9y"VYR=Z\79R4fCy4365lVYR4y cb36^9y R4fCy4365 
02143cbX85[ZqZ\1479R4skZ\fR4fYZ\3795NZ\1bVHZgZ\143V3"F7]VY^ VYR4y@X\VYy47]VY^ 143#VHZ\79R4sX\VHZ\365qVYX83 p36X[<y47  36X836R=Z
hoX8fpe fpR43	VYR4fYZ\1436X /QSR Z\143$X\VYy47]VY^ly479X836u!Z\79fpR*z2143#VHZ\79R4sJ795y4fpe79RbVHZ\36y :=< y47  a45879fpR y4a43
Z\f@58v fpR=ZxVYR436fpa45 -S36e79585879fpR$X836u6fp79^95 

"F7]VY^9^d<pz 14fg3 p36X6z`Z\143 X83#VYu!Z\7 p3fpXy479v fp^93 ba4u!Z\abVHZ\79fpR
u6fpev fpR436R=Z fYh(Z\143Uy47  a45879fpRy4fpe79RbVHZ\365  0214795795ff: 36u#VYa4583UZ\143"X83#VYu!Z\7 p3Uu6fpev fpR436R=Z795
v4X8fpv fpX[Z\79fpRbVY^ffiZ\fZ\143 spX\VYy47936R=ZfYh Z\143cb36^9y 58mnabVYX836y*z l1479ux1 795ea4ux1 ^]VYX8sp36X(hofpX(Z\143ffV3"F7]VY^












Q Zk795kVY^9X83#VYyF<$u6^93#VYXZ\1bVHZk7dZt5814fpa4^9y : 3v fp585879:4^93Z\f@Z\X\VYv 79R4y47 C79y4abVY^
VHZ\fpe56z`5879R4u63ffZ\143
p























Radial position ρ (µm)
 dE/dt































































v414fYZ\fpR4579RJZ\14336evFZS<Ju#V C7dZS<  02143











VYR4y Z\1432143#VHZ\79R4sX\VHZ\3279RZ\1432X\VYy47]VY^Fv fYZ\36R=Z\7]VY^F795X836^]VHZ\7 p36^d<








ZS<Cv479u#VY^9^d< 5[Z\79^9^ : 3 58e VY^9^ u6fpevbVYX836y Z\fUZ\143 y436vFZ\1
fYh
Z\143v fYZ\36R=Z\7]VY^  &;fg3 p36X6z*Z\14379ev fpX[ZxVYR4u63kfYh
Z\143mnabVYR=Z\a4e&ux1bVYX\VYu!Z\36XfYh
Z\143X836^93 YVYR=Z
cb36^9y45qfpXgv41436R4fpe36RbV 795gR4fYZ236R458a4X836y :=<Z\1435[ZxVHZ\36e36R=ZqZ\1bVHZgZ\X\VYv4v479R4s fCu6u6a4X85 l7dZ\1e3#VYR
cb36^9y 5[Z\X836R4sYZ\1fYh(VY: fpaFZ fpR43@v414fYZ\fpR*z 5879R4u63Z\14795795 Z\X87 C7]VY^9^d<$Z\143@u#VY583@79RVYR 36mna47 YVY^936R=Z
hoX8363#-S58vbVYu63 pfp^9a4e3 hofpXV cb36^9y	fYh
Z\143 5\VYe3 79R=Z\36R4587dZS<	VY5(Z\1bVHZ79R45879y43kZ\143 u#V C7dZS< ,Ya45[ZkVY5
79R Z\143u#V C7dZS<pzbV hoX8363#-S58vbVYu63(cb36^9y VHZ 65    ;u6X83#VHZ\365lVYR VHZ8Z\X\VYu!Z\7 p3v fYZ\36R=Z\7]VY^ l1479ux1@^93#VYy45
Z\f Z\143 g36^9^ -nR4flRX836y -Sy43!Z\a4R436y@y479v fp^93lZ\X\VYv hofpXNR436aFZ\X\VY^ VHZ\fpe5
~





Z\143k79R=Z\X\VYu#V C7dZS<Z\X\VYv"y47  36X85l79R"VYR=< X836u6fpspR47 )#VY:4^93 qV#< hoX8fpe 7dZ\5l5879ev4^93hoX8363#-S58vbVYu63ku6fpa45879R
7952R4fYZ;79ee36y47]VHZ\36^d<ffu6^93#VYX 
QSR fpX8y436X Z\f 58363 l143!Z\1436XqVhoa4^9^bmnabVYR=Z\a4e y43658u6X879vFZ\79fpRfYh Z\143VHZ\fpe -Su#V C7dZS<795NR436u636585\VYX[<
79R fpX8y436X;3#"Fv4^]VY79R fp:45836X	p36y$3 36u!Z\56z _W79spa4X83@/ dp VY^958fff5814fl5;Z\143 YVY^9a4365lu#VY^9u6a4^]VHZ\36y@hofpX;VYR
84
VHZ\fpe 79R VYRJ36mna47 YVY^936R=Z hoX8363#-S58vbVYu63@5[ZxVYR4y479R4sqV p3Yz u#VY^9u6a4^]VHZ\36yJ:=< 5[ZxVYR4ybVYX8yJZ\36ux14R479mna4365













VYR4yZ\143"VHZ\fpe 795 ux14fp5836R Z\f : 3   5   Ti36X81bVYv45 58a4X8v4X8795879R4sp^d<pz
Z\143 fpR4^d< ^]VYX8sp3y47  36X836R4u63
: 3!Zg3636RZ\1432ZgfkefCy436^95795
79R Z\143;V3"F7]VY^F143#VHZ\79R4stX\VHZ\3Yz l1436X83(V5[Z\X8fpR4st58a4v4v4X836585879fpR fYh Z\143
V3"F7]VY^*143#VHZ\79R4sff7952583636RU79R@Z\143tmnabVYR=Z\a4e u#VY^9u6a4^]VHZ\79fpR 0214795258a4v4v4X836585879fpRU795lVYR"3 36u!Z;fYhWZ\143
mnabVYR=Z\7 )636y RbVHZ\a4X83fYhqZ\14379R=Z\X\VYu#V C7dZS<$cb36^9y  02143 5836^dh -Su6fpR458795[Z\36R=Z u6fpa4v4^979R4s fYhgZ\143u#V C7dZS<






:=<J7dZ\5836^dh2Z\14795u6fpa4v4^979R4sgfpa4^9y ^93#VYy Z\f VYR 79R4u6X83#VY58379RJy47  a45879fpRJf p36X Z\143 hoX8363#-
58vbVYu63;u#VY583YzC5879R4u632Z\143;VHZ\fpe79uqefYZ\79fpR l7dZ\1479RZ\143;u#V C7dZS< 79R4y4a4u6365N5[Z\3636v 36XNspX\VYy47936R=Z\5
79RffZ\143
cb36^9y g02143k58a4v4v4X836585879fpRUfYhy47  a45879fpR"795qZ\1436RU3 C79y436R4u63kZ\1bVHZ;7dZl795lR436u636585\VYX[<"Z\fa4583 V hoa4^9^d<






2 z Z\14795(58a4v4v4X836585879fpR fYh
Z\143 V3"F7]VY^i143#VHZ\79R4s
qVY5g36585836R=Z\7]VY^ hofpX
Z\143lZ\X\VYv4v479R4skfYh`VHZ\fpe5 79RffZ\143;u#V C7dZS< 
021na45NhofpX Z\1436583(3#"Fv 36X879e36R=ZxVY^ vbV3-
X\VYe3!Z\36X856z=Z\143l3679sp36R YVY^9a4325[Z\X8a4u!Z\a4X83;fYh*_W79spa4X83
{
32^93#VYy45Z\ftv4X8fYhofpa4R4yy47  36X836R4u6365N: 3!Zg3636R
Z\1435[ZxVYR4ybVYX8y@Z\1436fpX[< fYhi^]VY5836Xgu6fCfp^979R4sVYR4yZ\X\VYv4v479R4s VYR4yZ\1433#"CZ\36R45879fpR fYh`Z\14795gZ\1436fpX[<Z\f
Z\143tX836sp79e3fYhW5[Z\X8fpR4su6fpa4v4^979R4s 79R u#V C7dZS<

r 






















y47  a45879fpR YVY^9a4365u#VY^9u6a4^]VHZ\36y hoX8fpe Z\143Uhoa4^9^(mnabVYR=Z\a4eLefCy436^(y47958u6a4585836yflVY: f p3 VYX83$R4f
^97dZ8Z\^93y47  36X836R=ZffhoX8fpe Z\14fp583 fYh;Z\143@36mna47 YVY^936R=Z hoX8363#-S58vbVYu63 5[ZxVYR4y479R4s qV p3  0214795 ^]VYu fYh
V u6^93#VYX y47  36X836R4u63$79R v fYZ\36R=Z\7]VY^95fpX y47  a45879fpR 79R4y479u#VHZ\365Z\1bVHZZ\143UmnabVYR=Z\7 )636y RbVHZ\a4X83UfYh




Z\143 X83658a4^dZ\79R4s V3"F7]VY^143#VHZ\79R4s X\VHZ\365"VYX83 36585836R=Z\7]VY^9^d< Z\143 5\VYe3 VY5@Z\14fp583 fYh _W79spa4X83 / dp
79R VY:458fp^9aFZ\3$e VYspR47dZ\a4y43! 14fg3 p36X6z79R Z\143 VHZ\fpe -Su#V C7dZS< e79u6X8fp58u6fpv 3UZ\143	v fYZ\36R=Z\7]VY^(1bVY5




Z\143 3#"Fv 36u!Z\36y u6fpX8X83658v fpR4y479R4s 79R4u6X83#VY58379RUy47  a45879fpR ;_bfpXlZ\143
vbVYX\VYe3!Z\36X85kfYh 2
|
NfpR43 VYy4y47dZ\79fpRbVY^79R=Z\36X8365[Z\79R4s"ho3#VHZ\a4X83 VYv4v 3#VYX85

36R41bVYR4u636y u6fCfp^979R4s@fYh
Z\143VHZ\fpe79uefYZ\79fpR X836^]VHZ\7 p3ffZ\fUZ\143 vbVYX\VYe3!Z\36X85 fYh2Z\143@VHZ\fpe -Su#V C7dZS< e79u6X8fp58u6fpv 3 "0214795
 M























Radial position ρ (µm)
 dE/dt





















































1& )YzgVYR4yZ\143@y4X87 p3 5[Z\X836R4sYZ\1 u6fpX8X83658v fpR4y45 Z\f
|
 O	v414fYZ\fpR45 79R Z\143@36evFZS<
u#V C7dZS<  )Cfp^979y^979R4365gVYX83;Z\143(mnabVYR=Z\a4ev4X836y479u!Z\79fpRfll1479^93;ybVY581436y@^979R4365gVYX83;Z\143(X83658a4^dZgfYh`Z\143




R4e"z5879R4u63Z\14795 3#"Fv 36X879e36R=Z a45836yjla4:479y479a4e VHZ\fpe5l7dZ\1 VUX83658fpRbVYR=ZZ\X\VYR4587dZ\79fpRJVHZ>4#M
|
R4e 
VYX87958365Z\14X8fpa4sp1 u#V C7dZS< -Se36y47]VHZ\36y u6fCfp^979R4s  M82nz	Mp ziVYR4y 1bVY5kVYR 79ev fpX[ZxVYR=Z3 36u!Z fpR Z\143
V3"F7]VY^*yF<CRbVYe79u652fYhVHZ\fpe5279R@Z\143t3#"Fv 36X879e36R=Z;fYh  2
|
 
 3R4f l79581 Z\fa4583(Z\1436583v fYZ\36R=Z\7]VY^95gVYR4y@143#VHZ\79R4s X\VHZ\365gZ\f s=VY79RVYR@79R=Z\a47dZ\7 p3;a4R4y436X -
5[ZxVYR4y479R4s fYhWZ\143 ux1bVYX\VYu!Z\36X(fYh VHZ\fpe79uefYZ\79fpR@Z\1bVHZ g3gfpa4^9yU3#"Fv 36u!ZZ\f fp:45836X	p379R"3#VYux1
u#VY583 JQSRvbVYX[Z\79u6a4^]VYX6z g3"VYX8379R=Z\36X8365[Z\36y 79R 3#"Fv4^9fpX879R4sUZ\143 y436spX8363Z\f l1479ux1Z\143 VHZ\fpe79u
efYZ\79fpR79R Z\143(v fYZ\36R=Z\7]VY^ u#VYR: 3u6^9fp583;Z\fu6fpR45836X	YVHZ\7 p3efYZ\79fpR*znfpXg^97 Y3!l79583;Z\143(y436spX8363(Z\f
l1479ux1"7dZlu6fpa4^9y : 3ty4fpe79RbVHZ\36y@:=<@y47  a45879fpR 
02143ffZ\79e3658u#VY^9365fYhgX836^93 YVYR4u63Z\f@Z\143ffu6fpR45836X	YVHZ\7 p3ffefYZ\79fpR$e V#<$: 3ffux1bVYX\VYu!Z\36X87 )636y :=<






















v fYZ\36R=Z\7]VY^ g36^9^95 Q hNZ\143ff36R436X8sY<	ux1bVYR4sp365tfpR4^d<$:=< V
58e VY^9^hoX\VYu!Z\79fpR fYhqZ\143Z\fYZxVY^ g36^9^Ny436vFZ\1  

f p36X Z\14795tZ\79e3658u#VY^93YziefYZ\79fpR l79^9^
: 3 R43#VYX8^d<
u6fpR45836X	YVHZ\7 p3 _W79spa4X83 / d
}
v4^9fYZ\5lZ\143v fYZ\36R=Z\7]VY^95;VYR4y	143#VHZ\79R4s X\VHZ\365;hofpX;Z\143kZgf@u#VY5836579R
Z\14795R43! 583!ZfffYh;58u#VY^936ya4R47dZ\5+ N143#VHZ\79R4s	X\VHZ\365ffVYX833#"Fv4X836585836y VY5 VYR36R436X8sY<J79R4u6X83#VY583@v 36X
 O
fp58u679^9^]VHZ\79fpRUv 36X879fCy*ziVY5kVhoX\VYu!Z\79fpR fYh  
@~
R4fYZ\3VY5Z\143VHZ\fpe-143#VHZ\5 VYR4y 3#"Fv4^9fpX8365Z\143 VYR -




g3 58363ffV u6^93#VYX(mnabVY^97dZxVHZ\7 p3ky47  36X836R4u63 79RUZ\143RbVHZ\a4X83fYh
Z\143ffVHZ\fpe79utefYZ\79fpRbVY^ffiyF<CRbVYe79u65 





58v fpR=ZxVYR436fpa45q36e79585879fpR sp7 p365gfpR4^d<ff58e VY^9^ v 36X[Z\a4X8:bVHZ\79fpR45 Z\f Z\143(36R436X8sY< f p36XgZ\143;Z\79e3658u#VY^93
fYh;5879R4sp^93fpX8:47dZ\56z VYR4yefYZ\79fpRJ795R43#VYX8^d< u6fpR45836X	YVHZ\7 p3   3@R4fYZ\3Z\1bVHZ Z\14795^9f^93 p36^qfYh
y47  a45879fpR	36RbVY:4^936y$Z\143ffX836u6fpR45[Z\X8a4u!Z\79fpR45fYhg5879R4sp^93VHZ\fpe&Z\X\V 2836u!Z\fpX879365v4X8365836R=Z\36y 3#VYX8^97936X79R
Z\14795lux1bVYvFZ\36X6z hofpX l1479ux1UZ\143k58e VY^9^*ux1bVYR4sp365(79RUVYR4spa4^]VYX2efpe36R=Z\a4eu6fpa4^9y": 3 VYu6u6a4X\VHZ\36^d<
Z\X\VYuY36y 

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Radial position ρ (µm)
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Dynamical noise (friction, momentum diffusion,
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Figure of merit, M


























Simulation feedback performance with each data set shown separately



















closed loop (C1,C2) 
open loop (O1,O2) 
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Simulation feedback performance for measurement noise but no axial motion




















Figure of merit, M’
0.6 photons empty cavity











Simulation atom trap times with no axial motion

























_W79spa4X83 2 34 ;_b3636y4:bVYu$v 36X[hofpX8e VYR4u63VYR4y	^97dho3!Z\79e3t36R41bVYR4u636e36R=Zt79R$5879ea4^]VHZ\79fpR45l7dZ\1$R4f
V3"F7]VY^*efYZ\79fpR 
M M
hofpX(u#V C7dZS<Uv4X8fpv 36X[Z\793656z Z\X\VYv4v479R4s5[ZxVHZ\795[Z\79u656z*VYR4y$5879spRbVY^ - Z\f.-SR4fp79583t79RUZ\143:bVY^]VYR4u636y$143!Z\36X8f.-
yF<CR43	y43!Z\36u!Z\79fpR  02143	u6a4X8X836R=Z 3#"Fv 36X879e36R=ZxVY^3 fpX[Z#z;VY79e36y VHZ@X83#VY^97 )679R4s Z\143Uho3636y4:bVYu
5[Z\X\VHZ\36sp79365ty43658u6X879: 36y 1436X83Yzi36ev4^9f<C5 p36X[< 5879e79^]VYX(u6fpR4y47dZ\79fpR45 l1479^93ff79R4u6fpX8v fpX\VHZ\79R4s58fpe3
79ev4X8f p36e36R=Z\5VY579R jl3!h   2Cpz2
{
  (;fYZxVY:4^93 ux1bVYR4sp365hoX8fpe&jl3!h  
{
2  79R4u6^9a4y43 V58^979sp1=Z\^d<











:=< V	y47  36X836R=Z\7]VY^9^d< v4a4ev 36y y4fpa4:4^93@ux1bVYe: 36X6zqVYR4y u#V C7dZS< ^936R4sYZ\15[ZxVY:479^97 )#VHZ\79fpR C7]V VYR
36X8X8fpX 5879spRbVY^lsp36R436X\VHZ\36y :=< VYR 79R4y436v 36R4y436R=Z@^]VY5836X fpR43"hoX8363U58v 36u!Z\X\VY^(X\VYR4sp3$VqV#< hoX8fpe
Z\143u#V C7dZS<

r ^979sp1=Z "QSev4^936e36R=ZxVHZ\79fpR fYh2Z\143ho3636y4:bVYu 5[Z\X\VHZ\36sY< y43658u6X879: 36yVY: f p3795




Z\36ux14R4fp^9fpsY< O84   7dZ\1 Z\1436583 Z\fCfp^956zb3#"Fv 36X879e36R=ZxVY^
ybVHZxV$5879e79^]VYXZ\f	Z\143@5879ea4^]VHZ\79fpR X83658a4^dZ\5 v4X8365836R=Z\36y VY: f p3@583636e g36^9^ l7dZ\1479R X83#VYux1  gZ\143
3#"Fv 36X879e36R=ZxVY^`3 fpX[Zl7952y47958u6a4585836yU79R efpX83y43!ZxVY79^*79R@Z\143tR43#"CZ;ux1bVYvFZ\36X 
Q Z 583636e5 X83#VY58fpRbVY:4^93 Z\f$VY5 	14f ea4ux1J3#"Fv 36X879e36R=ZxVY^
ybVHZxV"5814fpa4^9y : 3R436u636585\VYX[< Z\f
3#"F1479:47dZUVy4795[Z\79R4u!Z\79fpR : 3!Zg3636R/VYu!Z\7 p3 ho3636y4:bVYuflVYR4yflfpv 36R ^9fCfpv 58ux1436e365  _bX8fpe Z\143







zg358363kZ\1bVHZ l7dZ\1UybVHZxV583!Z\5fYh VY: fpaFZ@2
|p|
Z\X\VYv4v 36y	VHZ\fpe5lZ\143 y47  36X836R4u6365: 3!Zg3636R	fpv 36R -lVYR4yUu6^9fp5836y -S^9fCfpv"58ux1436e365VY^9X83#VYyF<": 36sp79R
Z\fJ: 36u6fpe3$VYv4vbVYX836R=Z#zlVYR4y Z\1436583$y47  36X836R4u6365@VYX83 g36^9^;y436e VYX8u#VHZ\36y l7dZ\1 Zgf fpXffZ\14X8363
Z\79e365kZ\1bVHZea4ux1 ybVHZxV   7dZ\1 h VY79X8^d<	u6fpR45836X	YVHZ\7 p3@365[Z\79e VHZ\365 fYhlfpR43Z\X879spsp36X v 36X  (0
y4X8fpv VYR4y fpR43t (0 y4X8fpv@3 p36X[< 2 5836u6fpR4y456z4Z\14795qe3#VYR45q5879spR47dcbu#VYR=Z23 36u!Z\52u6fpa4^9y g36^9^*: 3
583636R l7dZ\1 28a45[Z fpR43gZ\fZgft14fpa4X85fYh 3#"Fv 36X879e36R=ZxVY^FybVHZxVVHZ3#VYux1ff583!Z8Z\79R4s 
"a4ux1efpX83gybVHZxV
















Z\36ev 36X\VHZ\a4X83hofpX   
 g36u#VYa4583;Z\143(5[Z\X\VHZ\36sY<ff795N:bVY5836y fpR y47958u6X83!Z\3(5 l7dZ\ux1479R4s4z l7dZ\1ho3636y4:bVYuffy436^]V#<p36y@VYR4yZ\79e36y
:bVY5836y@fpRZ\143(v4X83 C79fpa45g5 l7dZ\ux1479R4s.-Su!<Cu6^93(^936R4sYZ\1*znZ\143(u6fpR=Z\X8fp^ 795gVY^ qV#<C5g:bVY5836y@fpR79RFhofpX8e V3-
M O
Z\79fpRs=VHZ\1436X836y f p36XNZ\143;v4X83 C79fpa45NefYZ\79fpRbVY^4u!<Cu6^93 021na45qyF<CRbVYe79u#VY^bR4fp79583lf p36XqVYRVHZ\fpe79u
efYZ\79fpRbVY^DZ\79e3658u#VY^93 l79^9^H583!ZWV2^9fg36X`^979e7dZ fpRtX\VYy47]VY^HZ\36ev 36X\VHZ\a4X83    Wjl3!ho36X8X879R4sqZ\f;_W79spa4X8365
/ dptVYR4y/ d
}



















_ba4X[Z\1436X8efpX83Yze3#VY58a4X836e36R=Z"R4fp79583 v4^]VYu6365UV^979e7dZ fpR Z\143 y43!Z\36u!ZxVY:4^93 VYev4^97dZ\a4y43$fYh  
YVYX87]VHZ\79fpR45 0214795VYev4^97dZ\a4y43 y436v 36R4y455[Z\X8fpR4sp^d< fpR Z\143VY:458fp^9aFZ\3YVY^9a43fYh  $y4a43Z\fUZ\143
R4fpR4^979R43#VYX87dZS< fYh2Z\143  






hoX8fpe Z\143(VHZ\fpe -Su#V C7dZS<e79u6X8fp58u6fpv 3Yz g3;365[Z\79e VHZ\32Z\1bVHZNf p36XgVtefYZ\79fpRbVY^Fu!<Cu6^93
























  1479^93Z\14795t^979e7dZu6fpX8X83658v fpR4y45 u6^9fp5836^d<$Z\f Z\1435879ea4^]VHZ\79fpR45fYhqZ\143ffv4X83 C7 -
fpa455836u!Z\79fpR*zl1436X83ffV3"F7]VY^iefYZ\79fpRU795(58a4v4v4X836585836y*z`Z\143hoa4^9^i5879ea4^]VHZ\79fpR"R43 p36XX83#VYux14365Z\14795
^979e7dZg: 36u#VYa4583kV3"F7]VY^*143#VHZ\79R4s u6aFZ\5lf! VHZ\fpe79u(^97dho3!Z\79e365NZ\fCf mna479un^d<  021na45;79ev4X8f p36e36R=Z\5
Z\f"VYy4y4X836585kV3"F7]VY^W143#VHZ\79R4s"VYX83 fYhNspX83#VHZt79R=Z\36X8365[ZthofpX58363679R4s@Z\143 hoa4^9^W3 36u!Zk3 p36R fYhNX\VYy47]VY^
u6fCfp^979R4s 
 g3!<pfpR4y"Z\143t3#"Fv 36X879e36R=ZxVY^ffiVYR4yUVY^9spfpX87dZ\14e79u YVYX87]VHZ\79fpR45qVY^9X83#VYyF<@y47958u6a4585836y*z VffRna4e: 36X
fYhq:4X8f=VYy436Xtmna4365[Z\79fpR45 VYX83ffX\VY795836y :=<	Z\143a4583fYhqVYu!Z\7 p3ffho3636y4:bVYu	Z\f"yF<CRbVYe79u#VY^9^d<"u6fCfp^ V
u6fpev fpR436R=Z;fYhefYZ\79fpR@hofpX;Vff5879R4sp^93tVHZ\fpe (R43kmna4365[Z\79fpRUy43#VY^95 l7dZ\1 Z\143ka4^dZ\79e VHZ\3^979e7dZ\5








R4fp79583ff795858a4365ku6fpa4^9y : 3VYy4y4X836585836yJ:=< 5836vbVYX\VHZ\79R4s Z\X\VYv4v479R4s"VYR4y 5836R45879R4s4z
hofpXl3#"4VYev4^93:=< a45879R4s V h VYXlf!	X83658fpRbVYR4u63kZ\X\VYv"79R u6fpR328a4R4u!Z\79fpR	l7dZ\1UVff58a4: -Sv414fYZ\fpR"^93 p36^
u#V C7dZS<

r v4X8fp: 3  2
{







"CZ\36R45879fpRfffYh VYu!Z\7 p3gho3636y4:bVYu: 3!<pfpR4y Z\143  ty479e36R45879fpRX\VY7958365X836^]VHZ\36y mna4365[Z\79fpR45 02143
mna4365[Z\79fpR"1436X83k7952fpR43kfYhWa45879R4s YVYX879fpa452Z\36ux14R479mna4365

hofpX23#"4VYev4^93Yz V 5[<Cee3!Z\X[< -S:4X83#Vn79R4s
v fYZ\36R=Z\7]VY^FfpXWhoX836mna436R4u!< -Sy4fpe VY79R cb^dZ\36X879R4sfYh Z\14325879spRbVY^

Z\f365[Z\79e VHZ\32VYR4yffu6fpR=Z\X8fp^4VZ\14X8363#-
y479e36R45879fpRbVY^ p36u!Z\fpXka45879R4s@Z\143 Z\79e3X836u6fpX8y fYh2V@5879R4sp^93mnabVYR=Z\7dZS<pzffiZ\143 Z\X\VYR458e7dZ8Z\36y ^979sp1=Z
O|
cb36^9y fi0;R4y4fpa4:FZ\36y4^d<pziy47  36X836R=Z y4X87 C79R4s vbVYX\VYe3!Z\36X856ziy43!Z\36u!Z\79fpR e3!Z\14fCy456zWVYR4y ybVHZxV v4X8f.-
u636585879R4sfll79^9^*: 3tVYv4v4X8fpv4X87]VHZ\3y436v 36R4y479R4sfpR@Z\143kX836^]VHZ\7 p379ev fpX[ZxVYR4u63v4^]VYu636y fpR"79RFhofpX8e V3-
Z\79fpR VY: fpaFZk3#VYux1 y479e36R45879fpR fYhgZ\143efYZ\79fpR 021436583 mna4365[Z\79fpR45VYy4y4X836585 79R YVYX879fpa45
qV#<C5
58fpe3l:bVY5879ul795858a4365NfYh*fpvFZ\79e VY^F5[ZxVHZ\3;365[Z\79e VHZ\79fpRffVYR4yu6fpR=Z\X8fp^4hofpX 5879R4sp^932mnabVYR=Z\a4e 5[<C5[Z\36e56z




    
   
 





0214795ux1bVYvFZ\36Xty43658u6X879: 365Z\143ffu6a4X8X836R=Zk3#"Fv 36X879e36R=ZZ\f 79ev4^936e36R=ZVYu!Z\7 p3ho3636y4:bVYu	fpR	Z\143
VHZ\fpe79uX\VYy47]VY^*v fp587dZ\79fpR 





3#"Fv 36X879e36R=Z l1479ux1 g36X832R4fYZWv4X8365836R=Z
79R@Z\143kVHZ\fpe -Su#V C7dZS< e79u6X8fp58u6fpv 3583!Z\a4v 
02143Uux1bVYR4sp365 VYX83"79Rhofpa4Xff:4X8f=VYy u#VHZ\36spfpX879365  _W79X85[Z#zgV efpX83 58fpv414795[Z\79u#VHZ\36y YVYu6a4a4e





Z\14fpa4sp1 Z\143@ (0 ^9f=VYy45thoX8fpe V
w
365879a4e YVYv fpX VHZ 583 p36X\VY^;
|
  
Z\fpX8X @02143 efYZ\7 YVHZ\79fpR
hofpX(: 3!Z8Z\36X YVYu6a4a4e-79RUZ\143u#V C7dZS<UX836sp79fpR$795;ZgfYhofp^9y 2Z\f VY^9^9f ^9fpR4sp36X;Z\X\VYv4v479R4s ^97dho3!Z\79e365
hofpXgVHZ\fpe5 5814fpa4^9y g3(X83#VYux1 Z\1bVHZq5[ZxVYsp3l7dZ\1Z\143(u6a4X8X836R=Z2VYv4vbVYX\VHZ\a456z4VYR4yZ\f 1436^9vv4X8fYZ\36u!Z
Z\143u#V C7dZS< e79X8X8fpX85hoX8fpe Z\14358^9f y43#VHZ\1 fYh
w
365879a4e u6f=VHZ\79R4s  )C79R4u63ffZ\143ux1bVYe: 36XkR4f
1bVY5k5836vbVYX\VHZ\3@ (0-S^9f=VYy479R4s"VYR4y u#V C7dZS< v fpX[Z\79fpR456z g3 a4583V y4fpa4:4^93 (0 VY5g36^9^  WZ\143
cbX85[Z2 (0 795 ^9f=VYy436yffhoX8fpe
w
365879a4e YVYv fpX6znu6fCfp^936y*znVYR4y y4X8fpv4v 36y Z\14X8fpa4sp1Z\143;y47  36X836R=Z\7]VY^
v4a4ev479R4s 14fp^93Z\f: 3u#VYa4sp1=Z;79R"Vff5836u6fpR4y$ (028a45[Z(VY: f p3Z\143tu#V C7dZS< 
)C36u6fpR4y*zWZ\143sp36R436X\VHZ\79fpR fYhqv4X8fp: 3^979sp1=ZkVYR4y Z\1435[ZxVY:479^97 )#VHZ\79fpR	58ux1436e3hofpXt^]VY5836XhoX83#-
mna436R4u!<kVYR4ytu#V C7dZS<^936R4sYZ\11bVY5`: 3636Rku6fpev4^93!Z\36^d<;f p36X81bVYa4^936y   3 VY:bVYR4y4fpR436ytZ\143
027' )FVYv4v41
hofpXv4X8fp: 3: 3#VYe&sp36R436X\VHZ\79fpR$Z\f V pfp79y	y436v 36R4y436R4u63fffpR	7dZVYR4y 7dZ\5@2 - JVHZ8Zv4a4ev479R4s^]VY5836X
79Rh V pfpX fYh(Z\143Uux143#VYv 36X6z25879ev4^936X y479fCy43 ^]VY5836XfpvFZ\79fpR 

ZZ\143U5\VYe3 Z\79e3Yz Z\143Uy4365879X83
hofpXtV u#V C7dZS< ^9fCu"Z\1bVHZqVY5kmna4793!Z\36XkVYR4y u6fpa4^9y Z\fp^936X\VHZ\3 ^9fpR4sp36XtVHZ\fpe&Z\X\VYR4587dZ\5t^936y a45Z\f
79R=Z\X8fCy4a4u63kVYR"79R4y436v 36R4y436R=Z 	[^9fCun79R4s  ^]VY5836X l14fp583tZ\X\VYR458e79585879fpR@R4f v4X8f C79y4365lZ\143t36X8X8fpX
5879spRbVY^4hofpXN^9fCun79R4stZ\143;u#V C7dZS<^936R4sYZ\1 

5 Z\14795N^]VY5836XN795 fpR43;hoX8363;58v 36u!Z\X\VY^ X\VYR4sp3(VqV#<ffhoX8fpe
Z\143ffu#V C7dZS<

r X83658fpRbVYR=Zk^979sp1=Z#zg3u#VYR a458358a4:45[ZxVYR=Z\7]VY^9^d<UefpX83 fpvFZ\79u#VY^Wv fg36Xk79R$Z\14795
O{





u#VYR : 3 ^93!h ZfpR Z\14X8fpa4sp14fpaFZZ\143
VHZ\fpe -Su#V C7dZS<U79R=Z\36X\VYu!Z\79fpR	58f@Z\1bVHZZ\143ffu#V C7dZS<$R43636y R4fYZt: 3 ^93!h ZZ\f y4X87dh ZhofpX(Z\143ffy4a4X\VHZ\79fpR
fYhVZ\X\VYR4587dZ 





Z\f$y4fU: 3!Z8Z\36X79RJV"u6fpa4v4^93 fYh qV#<C5   3VYy328a45[Z\36y y43!ZxVY79^95kfYhqZ\143 e79X8X8fpXtefpa4R=Z\79R4s$VYR4y
sp^9a479R4sJv4X8fCu636585 79R VYR VHZ8Z\36evFZZ\f36^979e79RbVHZ\3"58fpe3	:479X83!hoX879R4sp36R4u63$v4X8fp:4^936e5Z\1bVHZ 1bV p3
v4^]VYspa436y"3#VYX8^97936Xqu#V C7dZ\79365   3 VY^958fffy4365879spR436y"Z\143tu#V C7dZS< ^936R4sYZ\1 3#"4VYu!Z\^d< 79R fpX8y436XlZ\fff^93#V p3
fpv 36R Z\143v fp585879:479^97dZS<UfYh2V"_ (jW0 VHZtZ\143 	[e VYsp79u qV p36^936R4sYZ\1   O OFz(2
{
  ihofpXkV"u#V C7dZS< VY5
5814fpX[ZNVY5 fpa4X856zpZ\1432hoX8363258v 36u!Z\X\VY^bX\VYR4sp32795 VY: fpaFZ /
|
R4e VYR4yff58ft3#"4VYu!ZNv4^]VYR4R479R4s795X836mna479X836y
Z\f"e VY3 Z\143u#V C7dZS<	5879ea4^dZxVYR436fpa458^d<$X83658fpRbVYR=ZVHZ M82
{
R4e VYR4y R43#VYX O
}
2R4e 02143R43!
u#V C7dZS<$58a4u6u63636y45k79RUZ\1436583ffVYX83#VY56z`:4aFZ:4X879R4sp57dZ\5(flR a4R43#"Fv 36u!Z\36y mna479X n5 l1479ux1 g3ff1bV p3




fYhffifpa4Xqfp^9yybVHZxVVYu6mna479587dZ\79fpR@VYR4y@5879spRbVY^ v4X8fCu636585879R4s l7dZ\1 V R43!,PtVYsp3(: f=VYX8yhofpXgybVHZxVVYu#-
mna479587dZ\79fpR$VYR4y$cb36^9y -Sv4X8fpspX\VYee VY:4^93ts=VHZ\3 VYX8X\V#<pz*fpX_T P

z hofpX;Z\X879spsp36X879R4sVYR4y$ho3636y4:bVYu
02143fp^9y X836sp79e3fYhqybVHZxV VYu6mna479587dZ\79fpR qVY5 ffiVY: C793!tziR4fYZ\fpX879fpa458^d<$58^9f VYR4y u6a4e: 36X858fpe3





VYR4y g36X83ff79^9^ -S36mna479v4v 36yUZ\f@y43#VY^ l7dZ\1 V hoa4R4ybVYe36R=ZxVY^9^d<
y479sp7dZxVY^bho3636y4:bVYuVY^9spfpX87dZ\14e iQSRZ\143ho3636y4:bVYu 3#"Fv 36X879e36R=Zg3tVYX83v 36X[hofpX8e79R4s X879sp1=ZqR4ftz
VYRbVY^9fps"e3!Z\14fCy45kX8a4RJ79R=Z\f"Z\143 v4X8fp:4^936e fYh23#"Fu63658587 p3 ^9fCfpv y436^]V#< y4a43 Z\fUy47  36X836R=Z\7]VHZ\79R4s
Z\143 R4fp795[<U5879spRbVY^  &;fg3 p36X6z`Z\1436X83 795VefpX83khoa4R4ybVYe36R=ZxVY^X83#VY58fpR$hofpX(Z\143Z\X\VYR4587dZ\79fpR"Z\f
y479sp7dZxVY^ ;jl3!ho36X8X879R4s Z\f@_W79spa4X83 2 dpzfig3 X836u#VY^9^ffiZ\1bVHZ l1436R g3ffVYy328a45[ZZ\143 y4X87 C79R4s79R=Z\36R4587dZS<
Z\f 79ev4^936e36R=Z2ho3636y4:bVYu zg3ux1bVYR4sp3kZ\143l14fp^93k5[<C5[Z\36e&79R$V1479sp14^d<@R4fpR4^979R43#VYX qV#< ;02143
3 36u!Z\7 p3;v fYZ\36R=Z\7]VY^FhofpX
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pumping hole inner diameter 5.75 mm,
length 122.6 mm,
outer diameter 10 mm top portion
adapting nipple (standard piece)
inner diameter 17.1 mm
lower portion of pumping hole
has outer diameter 17.1 mm
three vanes for attaching pump
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l/2 or l/4, rotatable
Polarizing beamsplitter cube
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−1 0 1 −1 0 1 −1 0 1 −1 0 1
Off−axis linear input polarization (θin=pi/4) analyzed on linear polarizer 
θ





























































−1 0 1 −1 0 1 −1 0 1 −1 0 1
Circular input polarization (σ
+
) analyzed on linear polarizer 
θ
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total cavity transmission 
output selected 
for original polarization 
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Front surface HR coated
(multilayer l/4 stack)
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